Water soluble fullerenes, such as the hydroxylated fullerene, fullerenol (C 60 OH x ), are currently under development for diagnostic and therapeutic biomedical applications in the field of nanotechnology. These molecules have been shown to undergo urinary clearance, yet there is limited data available on their renal biocompatibility. Here we examine the biological responses of renal proximal tubule cells (LLC-PK1) exposed to fullerenol. Fullerenol was found to be cytotoxic in the millimolar range, with viability assessed by the sulforhodamine B and trypan blue assays. Fullerenol-induced cell death was associated with cytoskeleton disruption and autophagic vacuole accumulation. Interaction with the autophagy pathway was evaluated in vitro by Lysotracker Red dye uptake, LC3-II marker expression and TEM. Fullerenol treatment also resulted in coincident loss of cellular mitochondrial membrane potential and ATP depletion, as measured by the Mitotracker Red dye and the luciferinluciferase assays, respectively. Fullerenol-induced ATP depletion and loss of mitochondrial potential were partially ameliorated by co-treatment with the autophagy inhibitor, 3-methyladenine. In vitro fullerenol treatment did not result in appreciable oxidative stress, as measured by lipid peroxide and glutathione content. Based on these data, it is hypothesized that cytoskeleton disruption may be an initiating event in fullerenol cytotoxicity, leading to subsequent autophagy dysfunction and loss of mitochondrial capacity. As nanoparticle-induced cytoskeleton disruption, autophagic vacuole accumulation and mitochondrial dysfunction are commonly reported in the literature, the proposed mechanism may be relevant for a variety of nanomaterials.
Introduction
Fullerenols, hydroxylated derivatives of carbon fullerenes, have been documented in the literature to possess significant in vitro and in vivo antioxidant and free-radical scavenging capabilities (Bensasson, et al., 2000; Dugan, et al., 1997; Gharbi, et al., 2005; Okuda, et al., 1996; Wang, et al., 1999; Xiao, et al., 2005) . Numerous studies have been conducted to evaluate the therapeutic potential of fullerenol compounds against oxidative stress-associated conditions, including cancers, cardiotoxicity, hepatoxicity, and nephrotoxicity (Injac et al., 2008a; Injac et al., 2008b; Injac et al., 2008c; Injac et al., 2009; Harhaji et al., 2007) . MRI contrast agents based on gadolinium containing endohedral metallofullerenols are of particular interest in the clinical setting due to their high water proton relaxivity properties (Anderson et al., 2006; Bolskar et al., 2008; Zang et al., 2007b) . Adding to their clinical utility, these molecules and other carbon based nanoplatforms are also being evaluated for intravascular delivery of drugs and diagnostics (Chaudhuri et al., 2009; Peer et al., 2007) . Despite the potential, wide-spread biomedical applications of fullerenol, there is limited data available on its biocompatibility. Although most of the scientific literature supports a protective role of fullerenol in biological systems, there is a growing body of literature detailing the cytotoxic effects of this nanoparticle (Yamawaki and Iwai, 2006; Ueng et al., 1997; Su et al., 2009; Sayes, et al., 2004) . Fullerenol has been reported to decrease endothelial cell density, to decrease cell proliferation and cell attachment, to promote LDH release, and to increase accumulation of polyubiquitinated proteins (Yamawaki and Iwai, 2006) . Water soluble fullerene derivatives have been reported to cause cell cycle arrest at the G1 phase in Chinese hamster lung and ovary cells (Su et al., 2009) . Derivatized fullerenes have also been reported to exhibit differential cytotoxicity in human dermal fibroblasts and liver carcinoma cell lines, with the more water soluble derivatives demonstrating lesser adverse effects in culture (Sayes, et al., 2004) .
The kidney is a major organ responsible for the elimination of drugs and their metabolites (Verbeeck and Musuamba, 2009; Perazella, 2009) . The derivatization of fullerene to fullerenol has been shown in rodent models to shift biodistribution and excretion profiles from one of primarily liver localization and fecal excretion to multi-organ localization (primarily liver, kidney, spleen, bone) and urinary excretion (Yamago et al., 1995; Qingnuan et al., 2002) . Currently there are no reports in the literature of the evaluation of fullerene cytotoxicity in kidney cells (in vitro or ex vivo) , and few reports on plausible cellular targets of this nanomaterial within cells. Given the in vivo exposure of kidneys to fullerenol following parenteral administration, assessing in vitro and in vivo renal responses to fullerenol are important steps in evaluating the safety of this material.
In this present study, in vitro renal cell responses to fullerenol exposure were evaluated in the porcine proximal tubule cell model, LLC-PK1, as an initial step in examining fullerenol renal cell toxicity. The LLC-PK1 cell line has both structure and function similar to cells of the proximal tubule and have been used to study adverse effects of a number of nephrotoxicants (Pfaller and Gstraunthaler, 1998; Williams 1989) . The results reported herein, detail extensive characterization on the biochemical and morphological effects of fullerenol on kidney cells and highlight the importance of thorough biological characterization of nanotechnology based drug and diagnostic platforms prior to their clinical use. As the findings of cytoskeleton disruption, autophagic vacuole accumulation, and mitochondrial potential loss have been reported for a variety of nanomaterials, fullerenol may also serve as a model nanoparticle for evaluating the underlying mechanism of nanomaterial cellular toxicity.
Materials and Methods

Materials
Fullerenol (Part# M16) was purchased from Materials and Electrochemical Research Corporation (Tucson, AZ). Bovine serum albumin, 1-butanol, butylated hydroxytoluene, 3-methyl adenine, Costar six well and ninety-six well, flat-bottomed, cell culture plates, dimethyl sulfoxide, diethyl maleate, 5-5'-dithiobis(2-nitrobenzoic acid), glycine, malondialdehyde tetraethylacetal (1,1,3,3 tetraethoxypropane), methanol, β-nicotinamide adenine dinucleotide 2'-phosphate reduced tetrasodium salt, ethylenediaminetetraacetic acid tetrasodium salt dehydrate, oxidized glutathione, protease inhibitor cocktail, phenyl methyl sulphonyl fluoride, 5-sulfosalicyclic acid dehydrate, sodium phosphate, sodium carbonate, sodium chloride, sulforhodamine B dye, Hank's balanced salt solution with calcium and magnesium, Hoechst dye, thiobarbituric acid, trichloroacetic acid, Trypan Blue, Triton-X-100, and Tween-20 were purchased from Sigma-Aldrich, Inc. (St. Louis, MO). L-glutamine, RPMI-1640 (phenol free), and bovine serum were purchased from Hyclone, Inc. (Logan, UT). Medium 199 (M199) media was purchased from Cambrex (East Rutherford, NJ). Quick start Bradford dye reagent 1X was purchased from Bio-Rad Laboratories, Inc. (Hercules, CA). Carbon rods, dodecenylsuccinic acid, embed-812, sodium acetate, sodium cacodylate, osmium tetroxide, and uranyl acetate were purchased from Electron Microscopy Sciences (Hatfield, PA). Ethanol (190 and 200 proof) was purchased from Pharmco (Brookfield, CT). Lead citrate was purchased from Laurylab (Saint-Fons Cedex, France). Cell extraction buffer, Hank's balanced salt solution (with calcium and magnesium), NuPAGE LDS 4X sample buffer with reducing agent (10X), SeeBlue® Plus2 prestained standard, 4-20% tris-glycine gels, tris-glycine running buffer (10X), transfer buffer (25X), Lysotracker Red DND-99, Mitotracker Red CMX-Ros, Oregon Green 488 phalloidin, and Celltracker Green CMFDA were purchased from Invitrogen, Inc. (Carlsbad, CA). Westran S polyvinylidene fluoride (PVDF) protein blotting membrane, blotting paper, and 18 mm coverglass (coverslips) were purchased from Fisher Scientific, Inc. (Pittsburgh, PA). Tris-buffered saline (25X) was purchased from Amresco, Inc. (Solon, OH). Bicinchoninic acid (BCA) protein assay, StartingBlock blocking buffer, and electrochemiluminescent (ECL) western blotting substrate reagent were purchased from Pierce (Rockford, IL). Mouse monoclonal anti-LC3 antibody was purchased from NanoTools (Teningen, Baden-Württemberg, DE). Peroxidase-conjugated AffiniPure donkey anti-mouse IgG was purchased from Jackson ImmunoResearch Labs, Inc. (Westgrove, PA). Hyperfilm ECL was purchased from Amersham Biosciences, Inc. (Piscataway, NJ). CellTiter-Glo Luminescent Cell Viability Assay Kit was purchased from Promega, Corp. (Madison, WI). All other chemicals and reagents were obtained from Fisher Chemical Co. (Fair Lawn, NJ) or one of the above suppliers, and all were of reagent grade or better.
Fullerenol Physicochemical Characterization
Elemental analysis (carbon, hydrogen, oxygen, and sodium), inductively coupled plasma-mass spectrometry (ICP-MS), and Fourier transform infrared spectroscopy (FT-IR) analyses were conducted on batch-matched fullerenol samples for empirical molecular formula determination (elemental analysis), inorganic and organic sample impurity assessment (ICP-MS and FT-IR), and structure characterization (FT-IR). Detailed methods and results for elemental and ICP-MS analyses can be found in the Supplemental Data section of this manuscript. FT-IR analyses demonstrated a C-O vibration at 1054 cm −1 , a strong O-H vibration at 1360 cm −1 , a very strong O-H stretch at 3217 cm −1 , and a C=C vibration band at 1575 cm −1 . These IR values are consistent with previous reports by Xing, et al., 2004 for fullerenol structural properties.
Hydrodynamic Size by Dynamic Light Scattering (DLS)
Fullerenol was weighed and dissolved in 10 mM NaCl or PBS to give a final concentration of 25 mM. Samples were passed through a 0.02 µm filter. Hydrodynamic size (diameter) measurements were performed in batch mode at 25°C in a low volume quartz cuvette using the Malvern Zetasizer Nano ZS instrument with a back scattering detector. A minimum of twelve measurements were made per sample. Intensity-weighted average was used to determine hydrodynamic size, while volume distribution data was used to determine relative amounts.
Cell Line Maintenance
The porcine renal proximal cell line (LLC-PK1 cells, American Type Culture Collection, Rockville, MD) was maintained in 95% air/5% CO 2 environment at 37°C in M199 media with 3% fetal bovine serum (complete media). The cells were split 1:5, and passage number was limited to 20 passages.
Sulforhodamine B (SRB) Cell Viability Assay
Cells were plated at a density of 25,000/well in 96-well format. Cells were grown for 24 hrs, reaching a confluence of 80%, prior to treatment in triplicate with fullerenol (0.0002-60 mM) or media control for 24 and 48 hrs. After treatment, dose media was aspirated, 200 µL of fresh media and 50 µL of trichloroacetic acid (TCA) solution (50% w/v in H 2 O) were added to all wells. The plates were incubated at 4°C for 10 min for TCA cell fixation. Following fixation, the TCA solution was removed and cell plates were washed with deionized water and allowed to dry at ambient temperature. After the plates were completely dry, cells were stained with SRB (0.4% in acetic acid, 100 µL/well) for 10 min and the plates were washed with deionized water to remove excess unbound dye. SRB was extracted from dry, stained cells by the addition of 200 µL of Tris base (10 mM). Absorbance was read at 510 nm on a microplate spectrophotometer. Viability was expressed as percent media treated control.
ATP Assay
Cellular ATP content was measured using the CellTiter-Glo Luminescent Cell Viability Kit (Promega Cat. #G7571). This assay quantifies cellular ATP content in a homogeneous format by measuring the luminescent signal catalyzed by the addition of luciferin substrate, proprietary recombinant luciferase, and kit reaction buffer to lyse cells. The luminescent signal is the direct result of mono-oxygenation of the luciferin substrate and is dependent upon the presence of magnesium, ATP (from lysed cells), and oxygen. LLC-PK1 cells were plated in a 96-well format (25,000 cells/well), grown to 80% confluence, and were either pre-treated in triplicate with 2 mM 3-methyladenine (3-MA) for 2 hours prior to addition of 0.2-60 mM fullerenol for an additional 24 and 48 hrs, or were directly treated in triplicate with 0.2-60 mM fullerenol or media control for 24 and 48 hrs. Final 3-MA concentration following fullerenol addition for all experiments was 1 mM. Dosing media was aspirated at each time point, cells were washed once with M199 media, and manufacturer kit instructions were followed to determine ATP content by luminescence measurement.
Protein Determination
Bradford Assay-Cellular protein was determined using the Quick Start Bradford Dye Reagent, 1X kit from Bio-Rad Laboratories, Inc. Cellular protein pellets from the reduced glutathione and lipid peroxidation assays were resuspended in 0.5 mL of 0.05 N NaOH. For protein quantitation, a BSA standard curve from 0.125 to 1.0 mg/mL was prepared in 0.05 N NaOH. A 5 µL sample of the BSA standard, cellular protein sample, or 0.05 N NaOH blank was added to wells of a 96-well microtiter plate in duplicate. Next, 250 µL of 1X Bradford dye reagent was added to each well, the plate was gently vortexed using an orbital shaker, then incubated at room temperature for 30 min. Following incubation, the plate was read at 595 nm on a microplate spectrophotometer.
BCA Assay-Cell lysate protein concentrations for LC3 western blot analysis were determined using the Pierce BCA protein assay. The working reagent was prepared according to product instructions by mixing 25 parts of Micro BCA™ Reagent MA and 24 parts Reagent MB with one part of Reagent MC (25:24:1, Reagent MA:MB:MC). The standard curves for the cell lysates were prepared in their respective cell extraction buffers using BSA, from 0.5 to 200.0 µg/mL. A 150 µL sample of each standard, unknown, or extraction buffer blank was transferred to the microplate wells in duplicate. To these sample wells, 150 µL of the working reagent was added, and the plate was gently mixed on an orbital shaker for 30 s. The plate was then covered and incubated at 37°C for 2 hrs. Following incubation, the plate was allowed to cool to room temperature, and the absorbance was measured at 562 nm on a microplate spectrophotometer.
TEM Microscopy-LLC-PK1 cells were seeded in 6-well chambers at a density of 62,500 cells/mL. Cells were pre-incubated for 24 hrs prior to addition of test sample, reaching an approximate confluence of 40%. Cells were then treated in triplicate for 6 hrs with media (negative control), Hanks balanced salt starvation media (positive control), or 0.03 mM fullerenol. Cells were washed with media two times prior to fixing them in TEM fixative solution (4 % formaldehyde, 2 % glutaraldehyde in 0.1 M sodium cacodylate buffer). Fixed cells were kept a room temperature for 1 hr, then transferred to 4°C prior to being post-fixed in osmium tetroxide (1% OsO 4 in 0.1 M cacodylate buffer) and uranyl acetate (0.5% uranyl acetate in 0.1 N acetate buffer), dehydrated step-wise in ethanol, and embedded in embed-182 epoxy resin for TEM imaging. Upon solidification of the resin, resin blocks were removed with a jeweler's saw and affixed to a blank resin block. The face of the block was trimmed down to approximately 1 mm square and placed into an ultramicrotome. Thin sections (70 to 90 nm thin sections) were trimmed with a diamond knife, and transferred onto copper-mesh grids cleaned by ultrasonication. Sections were stained with 3% uranyl acetate and lead citrate. Stained samples were then carbon coated, and placed into a Hitachi H7600 microscope running at 80 kV voltage to acquire TEM images. The magnification range was (200x-200,000x).
Mitochondria and Actin Confocal Microscopy-LLC-PK1 cells were plated on 18 mm sterile coverslips at a density of 1.0 × 10 5 cells/mL in 35 mm culture dishes (1 mL of cells per coverslip) and were grown to approximately 80% confluence overnight. After incubation overnight, cell culture coverslip samples were treated with fullerenol (0.6 or 3 mM in complete media), with nocodazole (50 µM in complete media) or complete media. Nocodazole was included as a positive control for actin disruption. Following treatment, cells were washed with phenol-free complete media, stained with Mitotracker Red CMX-Ros (200 nM in phenol-free complete media) for 30 min at 37°C, and washed again with phenol-free complete media prior to fixation with 4 % formaldehyde (in phenol-free complete media). For actin staining, cells were fixed in 4% formaldehyde solution in PBS for 10 minutes at room temperature, washed two times with PBS, and extracted with 0.1% Triton X-100 (in PBS) for 3-5 min at ambient temperature. Next, cells were pre-incubated with 1% BSA (in PBS) for 20 min at ambient temperature, and then stained with 1 unit (fluorescence) of Oregon Green 488 phalloidin dye/ Hoechst nuclear stain/coverslip (20 µL of 6.6 uM methanolic Oregon Green stock solution/5 µg Hoechst/mL of 1% BSA-PBS /coverslip) for 20 min at ambient temperature. A methanolic stock of Oregon Green 488 phalloidin dye (approximately 200 units/mL or 6.6 µM) was prepared according to manufacturer's instructions prior to preparation of the dye working solution in 1% BSA-PBS for cell culture experiments. Prior to confocal imaging, inverted coverslips were mounted onto standard glass microscope slides. Confocal images were acquired with a Zeiss LSM 510 confocal microscope. The band pass filter sets used were excitation at 405 nm with band pass emission filters 390-465 nm for Hoechst, excitation at 488 nm with band pass emission filters 500-550 nm for Oregon Green, and excitation at 543 nm with a long pass filter of 560 nm for Mitotracker Red. A uniform Mitotracker Red detector gain setting of 604 was used for all images.
Lysotracker Red Dye Uptake Assay-The Lysotracker Red assay is based on the method of Rodriguez-Enriquez et al. (2006) . Modifications include substitution of a 96-well plating format for the 48-well, altered Lysotracker Red dye incubation conditions, elimination of the cell fixation step, and addition of Celltracker Green CMFDA dye for normalization to viable cell number. Lysotracker Red DND-99 is a cationic fluorescent dye that preferentially accumulates in the acidic lysosomal compartments. The amount of dye taken up by cells in culture can be used as an indicator of lysosome content and an indirect measure of autophagolysosome. Celltracker Green is deacetylated within viable cells to a thiol-reactive dye that remains in cytosol and is used to normalize the Lysotracker signal to viable cells. LLC-PK1 cells were plated at a density of 1.0 × 10 5 cells/mL in 96-well format and grown to approximately 80% confluence. Following cell attachment, cells were treated in triplicate with 0.01-6 mM fullerenol, with or without 3-MA. For 3-MA and fullerenol co-treatment, cells were pretreated with 2 mM 3-MA (in M199 media with 3% fetal bovine serum) before addition of fullerenol. Final 3-MA concentration following fullerenol addition for all experiments was 1 mM. After each treatment period, plated cells were processed according to . Briefly, treated cells were washed and then stained with 100 µL of 50 nM Lysotracker Red/10 µM Celltracker Green co-staining solution prepared in phenol-free RPMI-1640 for 1 hr at 37°C. Following dye uptake, the co-staining was removed and plates were rinsed twice with 200 µL of phenol-free RPMI, and 200 µL of phenol-free RPMI was added to each plate well. Lysotracker Red fluorescence (λ max = 590 nm) and Celltracker Green fluorescence (λ max = 517 nm) were measured using a microtiter plate reader. Lysotracker Red uptake for treated cells were expressed as the ratio percent of control, normalized to Celltracker Green (percent control Lysotracker Red fluorescence/percent control Celltracker Green fluorescence).
LC3
Immunoblot-This assay measures lipidation of microtubule associated protein LC3-I to LC3-II by immunoblot. The amount of LC3-II expression is used as a marker of autophagy (Klionsky, et al., 2007) . LLC-PK1 cells were treated in T-75 flasks with positive control (Hank's balanced salt solution with 1.3 mM calcium and 0.9 mM magnesium, negative control (complete media), or 6 mM fullerenol in duplicate for 6 and 24 hrs. Cell lysates were processed according to and the protein content in the cell lysate samples was determined by the BCA protein assay. Equal protein quantities of cell lysates were diluted in 4X NuPAGE buffer, vortexed, heated at 95°C for 5 min, and centrifuged at maximum speed (18,000 x g) for 30 min before loading onto 4-20% tris-glycine gels. The gels were run at 125 V for approximately 2 hrs, rinsed with deionized water, and transferred to PVDF membranes overnight at 30 mA. The transfer membrane was washed 3 times with 50-100 mL of trisbuffered saline (TBS) (0.01% Tween 20) for approximately 15 min each, and blocked with 50 mL StartingBlock blocking buffer (0.01% Tween-20) at room temperature for approximately 1 hr. The membrane was then incubated with anti-LC3 primary antibody solution (1:200 dilution in 5 mL of the StartingBlock blocking buffer) for 2 hr at room temperature, using hybridization bags cut to size. The membrane was then washed twice with 50-100 mL of TBS (0.01% Tween 20), for 15 min each, and incubated with the secondary donkey anti-mouse IgG-HRP conjugate (1:50,000 dilution in StartingBlock blocking buffer) for 1 hr at room temperature. The membrane was washed twice with 50-100 mL of TBS (0.01% Tween 20), for 15 min each, incubated with 3 mL ECL peroxidase substrate solution (1:1 peroxidase substrate to luminol enhancer solution) for approximately 1 min, and the immunoblot was developed for 8 min using Hyperfilm ECL.
Statistics-Statistical analyses were conducted using the software program Statistica version 7.1 (StatSoft, Inc., Tulsa, OK). Statistical differences (p ≤ 0.05) were determined by Student's t-test, or ANOVA and Dunnett's post hoc.
Results
Hydrodynamic Size and Zeta Potential of Fullerenol
The mean intensity and volume size distributions of filtered fullerenol samples in PBS and 10 mM NaCl were determined by Dynamic Light Scattering (DLS) (Figure 1) . The theoretical hydrodynamic size of fullerenol is approximately 2 nm. In this study, fullerenol-PBS samples exhibited a bi-modal size distribution by intensity, with a small peak at 20 nm accounting for approximately 97.8% of the total particle volume. Given the theoretical size of fullerenol, this 20 nm peak is indicative of fullerenol aggregates that were formed during DLS sample preparation. Although fullerenol is highly soluble in aqueous solutions, these particles can aggregate and gradually precipitate out of solution during the course of DLS sample preparation and measurement. The larger fullerenol-PBS intensity peak at 500 nm was primarily due to larger aggregates and only corresponded to approximately 2.2% of the total particle volume. In contrast to fullerenol-PBS samples, fullerenol particles prepared in 10mM NaCl did not appear to aggregate as greatly in solution. This difference in aggregation tendency may be attributed to the lower salt content, 10 mM NaCl versus 134 nm NaCl in PBS. In 10 mM NaCl, the hydrodynamic size of fullerenol was concluded to be 15.7 nm from the intensity distribution. Unfiltered fullerenol samples in 10 mM NaCl exhibited a mean zeta potential distribution of −49.1 ± 2.0 mV (See Supplemental Data). Zeta potential determination provides a measure of the electrostatic potential at the surface of the electrical double layer and the bulk medium, which is related to its surface charge.
Fullerenol Cytotoxicity
LLC-PK1 cell viability 24 and 48 hours post fullerenol exposure was determined with the SRB assay. Fullerenol was cytotoxic to LLC-PK1 cells at concentrations greater than 6 mM at both time points tested ( Figure 2 ). As nanomaterials commonly cause assay interference, the cytotoxic effects of fullerenol were confirmed using the Trypan Blue viability assay. LLC-PK1 cells treated with fullerenol (0.6-60 mM) exhibited a dose-responsive decrease in cell viability 24 hours post fullerenol exposure (See Supplemental Data).
Fullerenol Disrupts the Cytoskeleton and Induces Autophagic Vacuole Accumulation
Actin structure was visualized by confocal microscopy, after staining treated cells with the dye, Oregon Green phalloidin. The actin cytoskeletons of fullerenol treated cells displayed actin filament disruption and clumping, comparable to cells treated with the cytoskeletal protein disruptor, nocodazole (Figure 3 ).
Fullerenol treated LLC-PK1 cells showed extensive autophagic vacuole accumulation by electron microscopy compared to media control treated cells (Figure 4) . For a positive control of autophagy induction, LLC-PK1 cells were treated with starvation medium (Hank's balance salt solution) . To quantify autophagolysosome accumulation, the fullerenol treated cells and media control treated cells were stained with Lysotracker Red dye, 6, 24, and 48 hours post fullerenol exposure to monitor autolysosome accumulation ( Figure 5 ). Fullerenol treated cells showed dose and time dependent, statistically significant increases in the lysotracker response compared to media control cells, with the most robust Lysotracker Red staining (~250% of control) present 24 hours post 6 mM fullerenol exposure. Fullerenolautophagy interaction was further confirmed by monitoring LC3-I to LC3-II conversion by western blot, 6 hours and 24 hours post 6 mM fullerenol exposure ( Figure 6A-B) . The LC3-I to LC3-II conversion was most pronounced following 24 hours of fullerenol exposure ( Figure 6B ). LC3-I to LC3-II conversion was not monitored at 48 hours due to cytotoxicity at this time point.
Fullerenol Cytotoxicity is Not Associated With Oxidative Stress
For quantitative analysis of fullerenol induced lipid peroxidation, TBARS analysis of lipid peroxidation products released into the media of fullerenol treated versus media control treated cells was conducted 3, 6, and 24 hours post exposure to 3 mM fullerenol (See Supplemental Data). TBARS levels were depressed relative to control at the 3 and 6 hour time points, and were similar to control at the 24 hour time point. Total glutathione levels present in the lysates of fullerenol and media control treated cells were also measured after 3, 6, and 24 hours of exposure to 3 mM fullerenol (See Supplemental Data). A time dependent decrease in glutathione levels was detected in fullerenol treated cells versus media control, with total glutathione levels falling to 80% of control 24 hours after fullerenol treatment. The results of both the TBARS (lack of increase in lipid peroxidation products versus control) and glutathione (minimal decrease in total glutathione) assays suggest minimal oxidative stress following fullerenol treatment, under these assay conditions.
Fullerenol Causes ATP Depletion and Mitochondrial Depolarization
Mitochondria are responsible for efficient coupling of cellular respiration to ATP production. A decline, in ATP levels, therefore is indicative of decreased cellular bioenergetics and is a marker of loss of mitochondrial function. Using a luminescent ATP assay, a dose-dependent decrease in ATP levels were detected in fullerenol (0.2-63.0 mM) treated LLC-PK1 cells in comparison to media control 24 and 48 hr post exposure (Figure 7 ). This decrease in cellular ATP content occurred at both sub-lethal and lethal fullerenol concentrations. Two fullerenol concentrations, one which had minimal effects on ATP content (0.3 mM fullerenol) and one that resulted in a dramatic decrease in ATP at both time points (3 mM fullerenol), were chosen as low and high doses, respectively, in confocal analysis of mitochondrial function using Mitotracker Red dye. There was a dramatic loss in Mitotracker Red stain in fullerenol treated cells compared to media control in cells treated with both low and high doses of fullerenol (Figure 8 ). Uptake of Mitotracker Red dye is dependent upon functional cell mitochondria with intact membrane potentials. The demonstrated loss of Mitotracker Red dye uptake in fullerenol treated cells is indicative of impaired membrane potentials and is consistent with the demonstrated reduction in ATP levels.
3-Methyl Adenine (3-MA) Co-treatment Partially Restores ATP Levels and Mitochondrial Function
3-MA, a class III phostphatidylinositol-3-kinase inhibitor, is a documented suppressor of autophagy (Petiot et al., 2000) . Co-treatment of fullerenol with 3-MA, inhibited fullerenol mediated autophagolysosome accumulation and prevented uptake of Lysotracker Red dye (Figure 9 ). To determine if fullerenol induced ATP depletion and loss of mitochondrial function involved autophagy, ATP levels and Mitotracker Red dye uptake were measured following cotreatment of fullerenol with 3-MA. Co-treatment of cells with 3-MA partially protected against ATP loss resulting from fullerenol treatment alone (Figure 10 ). Maximal protection resulted in an approximate 20% restoration of ATP loss, a value that was statistically significant. Remarkably, co-treatment of fullerenol with 3-MA also partially restored mitochondrial membrane potential, as measured by Mitotracker Red dye uptake (Figure 8 ).
Discussion
Fullerenols are attractive molecules for clinical drug delivery, because their hollow caged structure allows for both encapsulation of therapeutic and/or diagnostic loads within the fullerene cage, and attachment to the scaffolding of the fullerene backbone (Bolskar, 2008) . Additionally, derivatization of fullerene to fullerenol enhances its solubility and has been reported to dramatically decrease the toxicity of fullerene in some in vitro systems (Sayes, et al., 2004) . Thorough evaluation of the biocompatibility and safety of nanotechnology platforms destined for clinical use is imperative Hall, et al., 2007) . Ideally, characterization of these platforms should include initial screens utilizing in vitro systems to identify possible adverse effects and mechanisms of toxicity. Fullerenol toxicity has been demonstrated in numerous animal and human cell lines (Gelderman, et al., 2008 , Yamawaki and Iwai, 2006 , Sayes et al., 2004 , Su et al., 2009 ). There are, however, no reports in the literature on the cytotoxic effects of fullerenol on kidney cells, and few reports on plausible intracellular targets of this nanomaterial.
Fullerenol nanoparticles used in this present study were purchased commercially. Elemental analysis of fullerenol was conducted by two independent laboratories for molecular formula determination, and fullerenol nanoparticles were tested for metal impurities in our laboratory by ICP-MS (See Supplemental Data). The empirical molecular formula for fullerenol was concluded to be C 60 (OH) 15 (ONa) 9 (H 2 O) 15 and served as the basis for molecular weight and sample concentration determinations in this study. All fullerenol preparations were virtually free of metal contaminants that could potentially contribute to the biologic and toxic responses observed in this present study (See Supplemental Data). In particular, brominated iron was used as a catalyst during commercial preparation of fullerenol. Quantitative ICP-MS analysis of fullerenol used in this study was determined to contain less than 0.01% of metal iron. Fullerenol preparations were also virtually free of bromine (See Supplemental Data).
Renal cell responses to fullerenol exposure were evaluated in the porcine proximal tubule cell model, LLC-PK1. Carbon based nanomaterials have been documented to interfere with assay markers and cause variable and/or inconclusive assay results in classical toxicology assays (Monteiro-Riviere et al., 2009) . Thus, care must be taken to insure that nanoparticles do not cause assay interference. The use of multiple complementary in vitro toxicology assays is also advised to confirm nanoparticle effects. In this study, possible fullerenol assay interference was evaluated in all experiments conducted, and when applicable, an orthogonal assay was utilized to confirm study results. Since fullerene derivatives, including fullerenol, can reduce tetrazolium based salts, the traditional MTT and XTT cytotoxicity assays were not used to evaluate cell viability effects in this study.
In this study, treatment of LLC-PK1 cells for 24 and 48 hours with fullerenol in the low millimolar range was cytotoxic, decreasing cell density and compromising the membrane integrity of LLC-PK1 cells, as determined by the SRB assay and Trypan Blue assay, respectively. Interestingly, in a study by Qingnuan, et al., administration of a 1 mg dose of technetium labeled fullerenol ( 99m T c -C 60 (OH) x ) to mice resulted in retention of approximately 5.25% of the injected dose in the kidney, or a concentration of ~15 mM, at 24 h post fullerenol exposure (Qingnuan et al., 2002) . Given these data, the cytotoxic fullerenol concentrations determined here, 6.0 -60.0 mM, may be relevant to kidney exposures expected in vivo.
Fullerenol's mechanism of cell death appears to be cell type specific, and both apoptotic and non-apoptotic mechanisms have been reported in the literature (Yamawaki and Iwai, 2006, Gelderman et al., 2008) . Previous studies by other research groups have identified oxidative stress as a primary mechanism of cytotoxicity for underivatized fullerene and nanomaterials in general. Mitochondrial dysfunction induced by fullerenol may be expected to result in ROS production, and oxidative stress. However, fullerenol treatment resulted in only limited oxidative stress in this study, as determined by lipid peroxidation and total glutathione measurement data of fullerenol treated cells. The minimal oxidative stress observed confirms other previous reports that fully hydroxylated fullerenes produce minimal oxygen radicals and lipid peroxidation products in culture (Sayes et al., 2004 , Xia et al., 2006 . It is certainly plausible, that in this study, fullerenol attenuated any oxidative stress response resulting from mitochondrial dysfunction by the reported free radical scavenging properties of this nanomaterial.
Fullerenol strongly induced conversion of LC3-I to the autophagy biomarker, LC3-II, in LLC-PK1 cells. LC3-II conversion correlated with lysosomal uptake of Lysotracker Red dye by fullerenol treated cells in both a dose-responsive and time-responsive manner. These results support the use of the Lysotracker Red assay as an initial screen for autophagy interaction following nanoparticle exposure, as reported by our group previously . The robust autophagic response shown here for fullerenol builds upon previous reports of induction of this pathway by fullerene-based nanoparticles (Yamawaki and Iwai, 2006 , Harhaji et al., 2007 . The underlying mechanism(s) responsible for fullerene interaction with the autophagy pathway has not been elucidated. Given that the autophagy response seen here occurred at sub-lethal fullerenol concentrations, it is plausible that autophagy upregulation is a protective cell mechanism intended to remove fullerenol from the cell. With increasing fullerenol concentrations, this autophagic pathway could potentially be overwhelmed as autophagosomes and autophagolysosomes accumulate increasing amounts of fullerenol nanoparticles. To support this hypothesis, future works should include detection of fullerenol within autophagosomes and/or autophagolysosomes for definitive confirmation of uptake of this nanoparticle within autophagy machinery.
There are reports in the literature detailing the effects of carbon-based nanomaterials on actin cytoskeletal structure and organization (Tian, et al., 2006 , Walker, et al., 2009 . These studies demonstrated compromised actin filament integrity following administration of single-or multi-walled carbon nanotubes in culture. Cytoskeleton disruption may be an initiating event in fullerenol cytotoxicity, as there is evidence that cytoskeleton disruption can interfere with both autophagy processing and mitochondrial capacity.
Cytoskeleton proteins, more specifically, microtubules have been shown to assist in autophagosome formation, movement, and fusion with lysosome (Fass et al., 2006 , Kochl et al., 2006 . Studies in Saccharomyces cerevisiae (baker's yeast) have identified actin-related protein complexes that target the autophagy transport machinery (Monastyrska, et al., 2008) . Recently, a study has suggested a role for actin in mammalian autophagy (Lee et al., 2010) . Lee et al. have shown that histone deacetylase-6 is involved in autophagosome-lysosome fusion during basal autophagy in mammals, by promoting actin remodeling (Lee et al., 2010) .
Nocodazole was used as a positive control in our actin confocal studies. Nocodazole is more commonly used to elicit microtubule disruption, however, there is documented evidence in the literature that this compound also has disruptive effects on the actin cytoskeletal (Takenouchi et al., 2004) . Specific interaction and/or binding of fullerenol particles with actin protein was not determined in this study, however given the hydrodynamic size of fullerenol nanoparticles used here, it is expected that this compound can freely diffuse through the cell membrane and enter the cell. It is certainly plausible that fullerenol could bind to actin proteins, thereby potentially affecting actin polymerization and depolymerization states. Interestingly, concentrations of fullerenol that elicited actin filament effects also elicited mitochondrial dysfunction and ATP loss. Induction of mitochondrial dysfunction has also recently been documented for other carbon-based nanoparticles (Yang, et al., 2010) .
These data led us to postulate that fullerenol induced cytoskeletal disruption, subsequently disrupts homeostatic mitophagy (mitochondrial specific autophagy) which then leads to mitochondrial dysfunction and ATP depletion, and finally cell death. Elegant studies conducted in yeast have demonstrated a role for autophagy in mitochondrial maintenance (Zhang, et al., 2007a) . These studies showed that yeast strains with mutated autophagy genes had lower oxygen consumption rates, lower mitochondrial membrane potential, high levels of reactive oxygen species (ROS), and an accumulation of dysfunctional mitochondria compared to wildtype yeast strains. The current data suggest that autophagic maintenance of cellular mitochondria may also be important in mammalian cells. The apparent partial recovery of mitochondrial function and ATP levels resulting from 3-MA co-treatment supports this hypothesis. Co-treatment of fullerenol and 3-MA, however, was not sufficient for complete recovery of ATP beyond a maximum restorative value of 20% of control. Autophagyindependent fullerenol-induced cytoskeletal disruption, or direct effects of fullerenol on mitochondrial function, could account for the lack of complete recovery.
There are many other examples from animal and in vitro models of human disease that also demonstrate the importance of autophagy in mitochondrial maintenance. For example, the ubiquitin ligase protein, Parkin is often mutated in familial forms of Parkinson disease and appears to play a role in recruitment of damaged mitochondria for autophagic degradation (Narendra et al., 2009) . Knockout of Parkin in mice results in loss of mitochondrial function (Palacino et al., 2004) . Excessive autophagy, resulting from either unregulated induction or blocked autophagosome cycling, can also have a detrimental effect on mitochondria. In a mouse model of the lysosomal storage disorder G(M1)-gangliosidosis, knockout of the lysosomal beta-galactosidase enzyme in mice resulted in autophagosome accumulation and loss of mitochondrial membrane potential, that were ameliorated by treatment with the autophagy inhibitor, 3-methyladenine (Takamura et al., 2008) . In an in vitro model of neurodegeneration, nerve growth factor withdrawal from primary neurons in culture resulted in cytoskeleton disruption, autophagosome accumulation and loss of mitochondrial membrane potential (Yang et al., 2007) . The disruption of mitochondrial membrane potential by nerve growth factor withdrawal could be prevented by treatment with the autophagy inhibitor 3-methyladenine.
In addition to autophagy-mediated mitochondrial dysfunction, there is also ample evidence that actin cytoskeleton disruption itself can interfere with mitochondrial capacity directly (Anesti and Scorrano, 2006) . For example, yeast mutants with actin instability, displaying a clumped actin phenotype similar to that observed following treatment of LLC-PK1 cells with fullerenol, also had greatly reduced mitochondrial membrane potential (Gourlay et al., 2004) . A study in neuroblastoma cells demonstrated that disorganization of the actin cytoskeleton by overexpression of transgelin coincided with mitochondria depolarization (Ward et al., 2010) .
Lastly, it is important to note that a direct fullerenol mitochondrial mechanism may be involved in this study, with fullerenol-induced mitochondrial damage resulting in mitophagy induction, disruption of actin cytoskeleton, and apoptotic cell death. Indeed, there is evidence of direct inhibition of mitochondrial function by fullerenol (Ueng et al., 1997) . Mitochondria have been reported to serve as a switch between apoptosis and autophagy, with increasing levels of stress resulting in the initial induction of mitophagy, followed by caspase activation, apoptotic cell death, and finally necrotic cell death under the most extreme stress conditions (Nishida et al., 2008) . Initial induction of mitophagy by the cell to clear damaged mitochondria is consistent with the fact that in this study, there is evidence of autophagy induction at sub-lethal fullerenol concentrations (Figures 4 and 5) that are approximately one order of magnitude lower than fullerenol concentrations that induced ATP depletion ( Figure 7 ) and mitochondrial dysfunction (Figure 8) . Furthermore, the TEM image of fullerenol treated cells shows the presence of damaged mitochondria (Figure 4) . With increasing fullerenol concentrations, possible direct fullerenol effects on cytoskeletal structure could serve as a negative feedback mechanism to stall stress-induced mitophagy (cause mitophagy dysfunction) and trigger cell death. Alternatively, direct fullerenol-induced mitochondrial damage could result in downstream disruption of actin cytoskeleton structure due to alteration in calcium homeostasis (Nicotera et al., 1992) and/or diminished cellular bioenergetics (Molitoris et al., 1996) . In summary, fullerenol cytotoxicity in the LLC-PK1 cells was associated with cytoskeleton disruption, autophagic vacuole accumulation, and mitochondrial dysfunction. Fullerenolinduced ATP depletion and loss of mitochondrial potential were partially ameliorated by cotreatment with the autophagy inhibitor, 3-methyladenine. As there is evidence that cytoskeleton disruption can interfere with both autophagy processing and mitochondrial capacity, it is hypothesized that cytoskeleton disruption may be an initiating event in fullerenol cytotoxicity, leading to subsequent autophagy dysfunction, and loss of mitochondrial capacity. While this proposed mechanism is consistent with the data presented, other mechanisms are certainly plausible, as discussed above. Nanoparticle-induced cytoskeleton disruption, as well as autophagy and mitochondrial dysfunctions, have been reported commonly in the literature, suggesting the proposed mechanism of fullerenol toxicity may be relevant for a variety of nanomaterials. It is important to note, however, that nanomaterials as a class include highly varied physicochemical characteristics, thus it would not be appropriate to attribute this mechanism of fullerenol toxicity to the entire class.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
Figure 1. Hydrodynamic Size Analysis by DLS
Shown are the intensity and volume distributions of fullerenol-PBS (red) and fullerenol-10 mM NaCl (green) preparations. Each distribution line is the average of 12 independent measurements. Intensity-weighted average was used to determine hydrodynamic size, while volume distribution data was used to determine relative amounts. LLC-PK1 cells grown on cover slips were treated for 24 hrs with media (negative control), low dose fullerenol (0.6 mM), high dose fullerenol (3 mM), or were pre-treated with nocodazole (50.0 µM) for 2 hrs. All cells were stained with 1 unit (fluorescence) of Oregon Green 488 phalloidin dye/Hoechst nuclear stain/coverslip (20 µL of 6.6 uM methanolic Oregon Green stock solution/5 µg Hoechst/mL of 1% BSA-PBS /coverslip) for 20 min at ambient temperature, and were attached to microscope slides prior to confocal analysis. Images were acquired at 40× (oil) magnification. LLC-PK1 cells grown on cover slips were treated for 24 hrs with media (negative control), low dose fullerenol (0.6 mM), or high dose fullerenol (3 mM), with or without pretreatment with 2 mM 3-methyladenine (3-MA) for 2 hrs, prior to 1 mM 3-MA cotreatment. All cells were stained with 200 nM Mitotracker Red, fixed with 4 % formaldehyde, and were attached to microscope slides prior to confocal analysis. Images were acquired at 148× (oil) magnification under identical detector settings. LLC-PK1 cells were treated for 24 and 48 hrs with 0.2-60 mM fullerenol, with or without pretreatment with 2 mM 3-methyladenine (3-MA) for 2 hrs prior to 1 mM 3-MA cotreatment. ATP content was determined at each time point by the luciferin-luciferase assay. Data are presented as percent media control ATP level. Values correspond to the mean ± SE, N = 3. Asterisks indicate statistical difference from fullerenol alone treatment (Student's t-test, p < 0.05).
